Diffusing capacity of the lungs imposes a theoretical limit to oxygen consumption, causing oxygen saturation of arterial blood to fall sharply if this limit is approached (1) . The diffusing surface of the normal lung is so large, however, that at sea level oxygen capacity of the blood and the cardiac output rather than diffusing capacity create the major bottleneck to oxygen transport (2) . Diffusion becomes an important limit only at high altitudes (3) or when diffusing capacity is reduced sufficiently by disease to cause alveolar capillary block (4) .
Diffusing capacity of the lungs usually is measured with respect to CO (DLco) rather than oxygen (DLO2). Yet little information exists regarding how low DLCO must be before alveolar capillary block is manifest. Recent work of Roughton and Forster (5) and of Staub, Bishop, and Forster (6) defines the theoretical relationship between DLco and DLO2 allowing translation of CO diffusing capacity into terms of oxygen transport. Thus we should be able to state more explicitly the functional significance of a low CO diffusing capacity. Our purpose has been to predict the restriction in maximal oxygen transport implied by a low DLco and then to check the prediction by experimental measurement.
Methods
Theory. The reciprocals of DLco and DLO2 are specific resistances in millimeters Hg per milliliter per minute to CO Public Health Service.
and oxygen transfer into pulmonary capillary blood. The red cell as well as the pulmonary membrane offers resistance to CO and oxygen transfer into blood (5, 6); the total resistance (1/DL) is the sum of the membrane and red cell resistances:
1/DL = 1/DM + 1/(OVc), [1] where DL = apparent diffusing capacity of the lung in milliliters per minute X millimeters Hg, DM = membrane diffusing capacity in milliliters per minute X millimeters Hg, 0 = specific rate of CO or oxygen uptake by red cells in milliliters per (minute X millimeters Hg) per milliliter blood, assuming an O2 combining capacity of 0.2 ml per ml blood, and Vc = pulmonary capillary blood volume in milliliters.
Since oxygen and CO compete for intracellular hemoglobin (7), increasing the alveolar oxygen tension causes the apparent CO diffusing capacity of the lung (DLco) to fall owing to the slower rate of CO uptake by red cells. Roughton and Forster (5) (13) .
Diffusing capacity of the lung (DLco) and pulmonary capillary blood flow (Qc) were measured by a modified breath-holding technique (14, 15) . The patient exhaled to near residual lung volume and then inspired a measured volume of gas mixture containing approximately 0.5% neon, 0.3% CO, and 0.5% acetylene in a balance of oxygen and nitrogen. The breath was held 3 to 15 seconds at or near full inspiration after which an alveolar sample was collected; the concentrations of neon, CO, acetylene, and oxygen in the sample were measured by gas chromatography. Neon, being insoluble and inert, is not absorbed during breath holding but provides a reference from which disappearance of CO and acetylene can be measured. At rest the falls in alveolar concentration of CO and acetylene were measured after approximately 3, 7, 10, and 15 seconds of breath holding. The slopes of the fall in log concentration of these gases with time were determined by plotting the results on semilogarithmic graph paper. DLco equals the exponential slope of CO disappearance multiplied by the alveolar volume. Qc equals the exponential slope of acetylene disappearance multiplied by (alveolar volume plus the equivalent tissue volume).' Alveolar volume was estimated from the single breath neon dilution (16).2 1 Equivalent tissue volume is the septal tissue volume of the lung multiplied by the Bunsen solubility coefficient of acetylene in lung tissues. These septal tissues act as a reservoir for the acetylene just as alveolar volume does. 2 In the original method alveolar volume was estimated Lung tissue volume was estimated from the intercept obtained by extrapolating acetylene disappearance back to the start of breath holding (14) . If lung tissue volume is known, Qc can be estimated from a single breath measurement of acetylene disappearance. Thus during exercise DLco and Qc were calculated from single breath measurements (5 to 10 seconds of breath holding), assuming that lung tissue volume was the same during exercise as at rest. Exercise measurements of DLco and Qc were repeated 3 or more times and averaged. Measurements of DLco and Qc were duplicated at a high and at a low alveolar oxygen tension (i.e., at approximately 130 and 600 mm Hg) so that both pulmonary capillary blood volume (Vc) and membrane diffusing capacity (DMco) could be estimated by the method of Roughton and Forster (5) . The relationship betwen Oco and oxygen tension in the red cell is uncertain because the ratio (X) of the permeability of the red cell membrane to that of the red cell interior is uncertain. We estimated DMco for three different assumed values of X as was done by Roughton and Forster (5): 1/eco = 0.33 + 0.0058 Po2 (X = co) 1/Oco = 0.73 + 0.0058 Po2 (X = 2.5) 1/Gco = 1.00 + 0.0058 Po2 (X = 1.5) [5] [6] [7] As a first approximation DMco was estimated with Equation 1 assuming that mean oxygen tension in capillary red cells is the same as that in alveolar air. But Oco depends upon oxygen tension in the red cell rather than that in alveolar air. Assuming that the mean difference between alveolar and capillary blood oxygen tension is Vo2/(1.23 X DMCO), we corrected the first approximation to membrane diffusing capacity as follows:
X[DMco by first approximation], [8] where Vo2 = the oxygen consumption in milliliters per minute at the level of exercise at which the measurement was made, Vc = pulmonary capillary blood volume in milliliters, 1.23 = the factor by which DMO2 is greater than DMco, 0.0058 = the error in estimating 1/0 per millimeter Hg error in estimating capillary blood oxygen tension (see Equations 5 to 7), and 0.0058/Vc = the error in estimating total red cell resistance per millimeter Hg error in capillary blood oxygen tension. This correction neglects the additional oxygen tension gradient from the plasma into the red cell.
Each patient was exercised at increasing work loads on a motor driven treadmill to determine the highest load tolerated and the maximal oxygen consumption achieved.
Exercise was sustained for 31 minutes at each load, allowas inspired volume plus residual volume. However, patients often find it difficult to exhale fully during exercise; also we could not be certain whether the patients were holding their breaths at full inspiration. Thus we calculated alveolar volume during breath holding by dividing the inspired volume of gas mixture by the neon dilution in the alveolar sample. JOHNSON, TAYLOR, AND DzGRAFF ing 30 minutes of rest between increments of work load. Oxygen consumptions were measured from the expired air collected during the last minute of exercise. Oxygen and CO2 concentrations in the mixed expirate were measured with a Beckman paramagnetic oxygen analyzer and a Beckman infrared CO2 analyzer. Diffusing capacity and pulmonary capillary blood flow were measured I I minutes after starting treadmill exercise. After completing the above measurements arterial blood gases were measured at rest and at exercise up to the peak work load. Arterial blood was collected simultaneously with collection of expired air during the last minute of exericse. Arterial oxygen saturation was measured either by Van Slyke manometric determinations of oxygen capacity and oxygen content or by an American Optical oximeter, the accuracy of which had been verified by Van Results The patients had predominantly restrictive ventilatory defects although some had mild obstructive ventilatory defects also (Table II) . Distribution of inspired air was less uniform than normal in most patients.
Three patients (JA, PB, and JJ) appeared to achieve a true maximal oxygen consumption (Table III) suggesting that the maximal cardiac output had been reached. Pulmonary capillary blood volume and membrane diffusing capacity increased less than normal during exercise due to the low cardiac outputs and perhaps in part to a less distensible capillary bed. Although maximal cardiac outputs were low in most patients, none had signs of congestive heart failure (i.e., elevated venous pressure at rest or salt retention).
The oxygen saturation of arterial blood (Table  IV) always started to fall at lower oxygen consumptions and fell less sharply than we predicted from the CO diffusing capacity (Figure 1 ). Nevertheless, a clear relationship can be seen between the predicted and observed results. The lower the predicted limit for the relationship between oxygen consumption and arterial oxygen saturation, the sharper was the fall in arterial oxygen saturation as work load increased. This suggests that the low diffusing capacity was an important factor in causing oxygen saturation to fall. In no instance could the fall in arterial blood oxygen saturation during exercise be explained by anatomical shunts of mixed venous blood into the systemic circulation (Table V) ; however, the possibility is not eliminated that relative shunts of mixed venous blood through poorly ventilated lung contributed to the fall.
The maximal oxygen intake, maximal pulmonary capillary blood volume, and membrane diffusing capacity normally expected for each patient at heavy exercise are given in Table VI (25) (26) (27) ; therefore, single breath measurements may be systematically too high on this account. Assuming that our measurements of CO diffusing capacity at full inspiration are correct, the deviations from optimal conditions that most likely account for the premature fall in arterial blood oxygen saturation ( Figure  1 ) are as follows: 1) Diffusing capacity measured at full inspiration rather than at operational lung volume will predict the limits in Figure 1 to be too high.
2) Distribution of inspired air was not uniform (Table II) , nor would we expect capillary perfusion to be uniform with respect to diffusing Figure 1 would be about 15%o too high. Figure 2 exemplifies the effect of unequal red cell transit times or uneven blood flow through lung capillaries on the oxygen saturation of blood leaving the lung. Red cell transit times can be unequal without gross regional differences in blood flow or diffusing capacity. For instance, pulsatile blood flow may carry some red cells through the capillary bed faster than others (29) . Also the pulmonary capillary bed, a labyrinth of interconnecting capillaries, presents many alternative paths of different length from artery to vein requiring different times for red cell transit. A fixed unevenness of red cell transit or of capillary perfusion with respect to diffusing capacity will cause arterial blood oxygen saturation to start falling at lower oxygen consumptions than predicted; uneven ventilation with respect to per- 
FIG. 2. EFFECT OF UN`EVEN RED CELL TRANSIT THROUGH LUNG CAPILLARIES UPON THE OXYGEN SATURATION OF MIXED END-CAPILLARY BLOOD.
If the time required for red cells to traverse the lung capillaries varies as illustrated above by the normal frequency distribution, the distribution of end-capillary blood oxygen saturations will be such that the mixture of blood leaving the lung will contain less oxygen than that predicted assuming a uniform transit time. The lower part of this figure shows how taking into account the measured anatomical shunt and assuming a fixed nonuniformity of red cell transit times brings the predicted fall in arterial blood oxygen Summary If diffusing capacity of the lungs is reduced enough by disease, alveolar capillary block results, causing maximal oxygen consumption to be curtailed by a sharp fall in arterial oxygen saturation. Our purpose was to determine whether measurements of carbon monoxide diffusing capacity can be used in accord with presently accepted theory to predict the limits that a low diffusing capacity imposes on oxygen consumption. In six patients suspected of having alveolar capillary block pulmonary capillary blood flow, capillary blood volume (Vc), and membrane diffusing capacity for CO (DMco) were measured at full inspiration both at rest and exercise. From these measurements we predicted how oxygen saturation of arterial blood would fall as oxygen consumption increases at a given alveolar oxygen tension. To make these predictions DMco and Vc were translated into terms of oxygen transport using in vitro measurements of Staub, Bishop, and Forster (8) to estimate kinetics of oxygen uptake by capillary red cells; we assumed that DMO2 equals 1.23 DMco and that lung volume, ventilation, and blood flow were uniformly distributed with respect to diffusing surface. Then the same patients were exercised on a treadmill up to the heaviest load tolerated, and the relationship between oxygen consumption and oxygen saturation of arterial blood was measured. At heavy exercise oxygen consumption approached the upper limits predicted from DMco and Vc even though arterial oxygen saturation began to fall at a lower oxygen consumption than predicted. Reasons for the latter discrepancy are discussed. The experimental data as well as theory indicate that maximal oxygen intake at sea level should not be limited significantly by diffusion until membrane diffusing capacity is less than 50% of predicted normal. Theory also indicates that above 10,000 feet diff-using capacity should become important as a limit to oxygen consumption even in normal subjects. The latter is supported by the measurements of West and co-workers (3) on subjects exercising at 19,000 feet.
